Early identification of the onset of neurological disease is critical for testing drugs or interventions to halt or slow progression. Speech production has been proposed as an early indicator of neurological impairment. However, for speech to be useful for early detection, speech changes should be measurable from uncontrolled conversational speech collected passively in natural recording environments over extended periods of time. Such longitudinal speech data sets for testing the robustness of algorithms are difficult to acquire. In this paper, we exploit YouTube interviews from Muhammad Ali from 1968 to 1981, before his 1984 diagnosis of parkinsonism 1 . The interviews are unscripted, conversational in nature, and of varying fidelity. We measured changes in speech production from the Ali interviews and analyzed these changes relative to a coded registry of blows Mr. Ali received in each of his boxing matches over time. This provided a rich and unique opportunity to evaluate speech change as both a function of disease progression and as a function of fight history. Multivariate analyses revealed changes in prosody and articulation consistent with hypokinetic dysarthria over time, and a relationship between reduced speech intonation and the amount of time elapsed since the most recent fight preceding the interview.
Introduction
Early identification of the onset of neurological disease is critical for testing drugs or interventions to halt or slow progression. Changes in speech are often early harbingers of degenerative disease and have been shown to be among the first symptoms for many individuals developing parkinsonism or Parkinson's disease [2, 3, 4, 5] . However, because it's hard to predict who will eventually develop the disease, the vast majority of these biomarker development studies have not followed patients prediagnosis. Instead, most have used cross-sectional data from many participants at snapshot points in the progression of their illness to test the sensitivity of their methods [6, 7] . Typical methods for documenting these changes involve experimental protocols to ensure high fidelity recordings or carefully constructed speech material from patients at-risk or post-diagnosis. This approach is prohibitive for pre-clinical detection when neuroprotective therapies hold the most promise. For speech to be useful for early detection, speech changes should be mea-surable from uncontrolled conversational speech collected passively in natural recording environments over extended periods of time. However, such longitudinal speech sets for testing the robustness of algorithms are difficult to come by. In the present report, we exploit retrospective speech samples from a public figure diagnosed with parkinsonism and track his changes in speech production over time.
Heavyweight boxing legend Muhammad Ali was diagnosed with parkinsonism in 1984, but a great deal of anecdotal evidence suggested neurological damage long before that diagnosis and long before his retirement from boxing. Dr. Ferdie Pacheco, a physician who worked in Ali's corner during many fights, said in an interview from 1978, "Cosmetically he looks the same, but his reflexes are not there. Now everybody can hit him. And now he's slurring his words. Which is the sine qua non of brain damage" [8] . Two years later, Ali's father told the New York Times he had noticed the same thing as Pacheco. "The way he talks, I noticed that at times, it's not too clear" [9] . At approximately the same time, in 1980, boxing promoter Bob Arum said: "Just about everyone who is close to Ali has remarked on the way he has been slurring his words and talking slower" [10] . Ali himself became aware of the concerns. Prior to his final fight in 1981 he told one newspaper columnist: "They say I have brain damage, can't talk no more. How do I sound now?" [11] .
The changes in speech noted in the anecdotes are consistent with parkinsonism affecting the basal ganglia circuitry, which regulates spatio-temporal aspects of motor planning and control. Degeneration of these neural circuits manifest in speech as hypokinetic dysarthria, characterized by imprecise articulation (slurring); overall slowed speech but with rushes of rapid mumbled speech (mumbling, stuttering), reduced intonation (monontone, or lacking melody), and a weak, breathy voice [12, 13] . However, the acute and/or cumulative effects of boxing on his brain may have contributed to the degradation of speech over time. In the present report, we exploit retrospective speech samples from Ali and track his speech prior to diagnosis to determine whether we can identify early early signs of the disorder.
Many existing studies have revealed that atypical speech production, including imprecise articulation, variability in speaking rate, monoloudness, and reduced intonation, are apparent during the very early stages of the disease [4, 14, 15, 16] . This has led to a number of methods for automated diagnosis of Parkinson's disease (PD) based on speech production [17, 18, 19] . The vast majority of these methods and algorithms are evaluated on cross-sectional databases with controlled stimuli recorded in controlled environments to detect PD or evaluate its severity [18, 20, 21] . Very few studies have analyzed longitudinal changes in conversational speech preceding diagnosis [22, 23] .
The purpose of our study is to explore whether automated measures of speech production can be used to analyze conversational speech samples in uncontrolled environments in order to detect early symptoms of parkinsonism and PD. We use publicly available interviews from Muhammad Ali from 1968 to 1981, and measure perceptual dimensions of his speech expected to change with hypokinetic dysarthria, including speaking rate, vowel production precision, and intonation. The speech samples from these interviews are conversational and of varying quality due to background noise and changing recording conditions. As a result, we first use Amazon Mechanical Turk to identify all intervals of speech (3-sec or longer) where only Ali was speaking; then we automatically estimate the speaking rate, pitch variability, loudness variability, and vowel space area from the data. Results reveal that Ali's speaking rate sharply declined over the years, as did his ability to precisely articulate distinctive vowels. In addition, the data shows that the number of days elapsed since the last fight was related to intonational variability.
Methods
The objectives of this study were to: (1) track longitudinal changes in speech production for Muhammad Ali prior to his diagnosis in 1984 and (2) to explore the relationship between changes in speech production and the frequency/severity of hits he experienced in boxing matches. Below we describe the speech data used in the study, the boxing match analytics, the measures of speech production extracted from the speech data, and the statistical methodology.
Speech data collection and annotation
We used interviews with Muhammad Ali available on YouTube as our data source. In Table 1 , we provide a list of the interviews used in the study, their date, and a brief description. The interviews with Ali contained speech from other individuals as well. We used Amazon Mechanical Turk to identify all segments (3 sec or longer) where only Ali was speaking. We set up an Amazon Mechanical Turk experiment where we asked raters to carefully listen to each interview and mark the starttime and end-time of a segment where only Ali was speaking. To ensure that listeners were carefully performing the task, we used two raters for each interview and calculated a reliability rating by comparing the agreement between the two raters. The agreement was calculated by converting the ratings from a single rater to a binary vector that spanned the duration of the interview with 0.5 sec resolution. In other words, for each 0.5 sec interval, the binary vector is labeled as either 1 (only Ali speaking) or 0 (other people speaking). This vector was calculated for both raters and we only used segments for which there was an agreement exceeding 90% between the two raters. Finally, we manually listened to a random subset of the selected clips to ensure that they only contained speech from Ali 2 . To challenge the algorithms, no attempt was made to control for content or recording conditions in this data set. 2 The speech samples from each interview can be downloaded at http://www.public.asu.edu/%7Evisar/software/AliSpeechData.zip Michael Parkinson interviews Ali about boxing and more on BBC.
Boxing match analytics
In addition to the interviews, we also obtained fight-by-fight punch statistics for each of Ali's fights. The analytics were obtained from a company that manually analyzes boxing match data, CompuBox 3 . The data they provided included, for each of Ali's fights, the date of the fight, the number of jabs attempted by the opponent, the number of jabs landed by the opponent, the number of power punches attempted by the opponent, and the number of power punches landed.
Speech measures
Using the data from the speech clips of only Ali speaking, we calculate the following three measures: Speaking rate: An estimate of the speaking rate (SR), in syllables/sec, for each clip in each interview was calculated using the speaking rate estimation algorithm described in [24] . This SR estimation algorithm has already been validated on this data [25] . For a subset of 10 interviews, we manually measured the SR by transcribing the data and counting the syllables. The correlation coefficient between the algorithm-estimated rate and the manually-estimated rate is 0.88. The SRs for all clips in an interview were averaged to obtain an estimate of the average rate for that interview.
Intonational variability: For each interview, we estimate the F0 contour of Ali's speech using three state-of-the-art methods and only use samples for which there is agreement among the three methods (within 10 Hz of each other) [26, 27, 28] . The algorithms estimate F0 using a 10 ms frame with 50% overlap. We also estimate the long-term energy contour (as a proxy for loudness) for each interview at the same frame rate. For each interview, we estimate the pitch and loudness range by estimating the difference between pitch/energy values at the 90 th percentile and the 10 th percentile. It is these ranges that we track across the interviews as measures of intonational variability.
Vowel space area: We measure vowel precision using the vowel space area (VSA), a measure of vowel dispersion in the space spanned by formants F1 and F2 [29, 30] . This metric has been previously identified as a correlate of intelligibility in dysarthric speech [31, 32] . We quantify the drop in precision by measuring the vowel space area using the speech clips from interviews given between 1968-1977 and compare it against the VSA from interviews between 1977-1981. We use the automated algorithm in [29] for estimating the VSA.
Unlike speaking rate, much more data are needed to estimate the VSA since it requires multiple samples of each produced vowel. As a result, we cannot generate a reliable estimate of the VSA for individual clips or even individual interviews. As an alternative, we estimate the VSA from combined clips prior to a cutoff year (1977) and compare against the VSA from combined clips following the cutoff year. We selected the cutoff year based on careful perceptual evaluation of the data by a speech-language pathologist (SLP). The SLP identified a noticeable change in the speech production following the 1977 interviews. Our aim was to see whether this perceptual change could be detected algorithmically using the VSA. 
Statistical Analysis
Longitudinal Analysis: We use Pearson correlation analysis to study the relationship between Ali's age and three characteristics of speech: speaking rate, pitch range, and loudness range. For the vowel space area, we use an unpaired t-test to determine whether there is a statistically significant difference between the VSA from 1968-1977 and 1978-1982. Multivariate Analysis: To better understand the other variables impacting Ali's speech, we use multivariate regression to evaluate the relationship between boxing statistics and the three speech characteristics (speaking rate, pitch range, loudness range). The independent variables used in the analysis include age, the number of rounds his last fight lasted, the number of jabs his opponent landed in his last fight, the number of power punches his opponent landed in his last fight, and the number of days since his last fight. For all analysis, statistical significance was defined as α = 0.05.
Results and Discussion

Longitudinal Analysis
In this section we analyze changes in speaking rate, pitch range, vowel space area, and loudness range over Ali's career. The results show that there is a strong negative correlation between speaking rate and age [r = −0.574; p < 0.001]; however no significant correlation was found for either pitch or loudness range. In Fig. 1 , we show the average speaking rate (SR), as measured by the number of syllables/sec. From the figure it is clear that SR was reduced by ∼26% over the years, starting at 4.07 syll/sec and ending at 3.00 syl/sec. This is also clear from listening to the interviews.
In addition to the speaking rate, we also analyze Ali's articulatory precision using the vowel space area. In the left panel of Fig. 2 , we show the VSA prior to 1977 and after 1977 on the same plot. The VSA prior to 1977 is 0.305kHz 2 and after 1977 is 0.234kHz 2 . For both periods, we use bootstrap sampling to estimate the variance of the sample VSA and plot the VSA mean and standard deviation for the two intervals in the right panel of Fig. 2 . An unpaired t-test reveals a statistically significant difference in the VSA between these two periods with p < 0.0001.
The changes in speaking rate over time are largely consistent with other studies. The disturbances in rhythm are likely due to parkinsonism affecting the circuitry in the basal ganglia [33, 34] . A number of studies have shown that changes in speaking rate often accompany Parkinson's disease [35] , and can serve as a leading indicator [5] . Vowel articulation is also known to be impacted by PD. For example, in [31] , Skodda et al. show that the VSA was reduced in 34 male speakers with mild PD compared to a group of age-matched healthy controls. They studied the use of the VSA and a related metric, the vowel articulation index, as possible markers of PD progression in a subsequent study [32] . Studies have interpreted the first formant as relating to the jaw opening and the second formant as relating to tongue position during speech production [36] . With this interpretation, the reduced VSA in Fig. 2 implies that there was reduced displacement of the articulators when Ali spoke after 1977.
It is surprising that the features aiming to measure intonational variation (pitch range and loudness range) did not exhibit a significant longitudinal decline. A number of existing studies show that one of the defining perceptual features of hypokinetic dysarthria is reduced variation in loudness and in pitch [3, 37] . We posit that this could be due to the effects of the repeated head trauma experienced in the boxing matches. We control for these factors in the ensuing section using a multivariate statistical model.
Multivariate Analysis
Next we consider multivariate regression models between the independent variables (IV): age, number of punches (jabs), number of punches (power) and days since last fight, and the three dependent variables (DV): pitch range, loudness range, and speaking rate. The results of the multivariate regression are shown in Table 2 . In an attempt to study the effects of boxing matches on speech production, we restrict our analysis to only interviews that occurred within 1 year of the last boxing match. This reduces the number of interviews from the 23 interviews in Table 1 It is clear from Table 2 that there is a statistically significant relationship between both pitch range and loudness range and the number of days elapsed since the last fight. Immediately following a fight, Ali seems to exhibit monoloudness and monopitch; however as time after a fight elapses, Ali becomes more animated in his speech. Both monoloudness and monopitch are associated with hypokinetic dysarthria and we would expect to see a longitudinal decline in these parameters also, but it is possible that this effect is more subtle and additional data are required before we can detect it.
While the association between speaking rate and the IVs fails to reach statistical significance, there are some trends in the data that merit further exploration. Consistent with the longitudinal analysis, there seems to be a relationship between age and speaking rate, but additional data may be required to detect it at α = 0.05. There may also be a trend between speaking rate and some of the fight parameters that could reach statistical significance if additional data were available. For example, there seems to be an inverse trend between the number of rounds in the last fight and speaking rate, and a positive trend between the number of days since the last fight and speaking rate. Both of these are reasonable, however neither reaches statistical significance. The ways in which speaking rate and pitch/loudness variation differ with regard to these parameters are intriguing. Pitch and loudness range are closely related to motor disturbances, but speaking rate, on the other hand, could also be detecting increased difficulty in word-finding abilities through longer pauses. This could explain the observed difference but requires a prospective study for evaluation.
Conclusions
In this paper we analyze publicly available interviews from legendary boxer Muhammad Ali and measure aspects of speech production expected to change with parkinsonism, before he was diagnosed with the disease. We measure speaking rate, pitch range, loudness range, and vowel space area from the data. The results reveal that Mr. Ali's speaking rate sharply declined over time as did his ability to clearly articulate vowels. A multivariate analysis further reveals a relationship between the number of days that elapsed since the last boxing match that Ali participated in and the intonational variability of his speech patterns. The results have implications in a number of domains. The multivariate analysis reveals that some of the speech characteristics could an important component in a "return to play" battery. Both loudness range and pitch range were associated with the number of days since the last fight. These easy-toestimate parameters could provide a means of monitoring the progress of athletes in high-impact sports to determine recovery. More broadly, the results provide some evidence that longitudinal analysis of conversational speech under different settings can be used to detect early signs of a neurological disorder. While the data was analyzed over a range that spanned a decade, this timeline may be shortened if additional modalities are used (e.g. accelerometer data from phone) and if the speech data is subsampled to account for context, recording conditions, etc. This could have implications for the development of mobile applications that passively monitor speech and provide indicators of neurological decline.
